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Abstract

Wildfires are an essential part of a healthy ecosystem, yet the expansion of the wildland-
urban interface, combined with climatic changes and other anthropogenic activities, have
led to the rise of wildfire hazards in the past few decades. Managing future wildfires and
their multi-dimensional impacts requires moving from traditional reactive response to
deploying proactive policies, strategies, and interventional programs to reduce wildfire
risk to wildland-urban interface communities. Existing risk assessment frameworks lack
a unified analytical method that properly captures uncertainties and the impact of deci-
sions across social, ecological, and technical systems, hindering effective decision-making
related to risk reduction investments. In this paper, a conceptual probabilistic wildfire risk
assessment framework that propagates modeling uncertainties is presented. The framework
characterizes the dynamic risk through spatial probability density functions of loss, where
loss can include different decision variables, such as physical, social, economic, environ-
mental, and health impacts, depending on the stakeholder needs and jurisdiction. The pro-
posed approach consists of a computational framework to propagate and integrate uncer-
tainties in the fire scenarios, propagation of fire in the wildland and urban areas, damage,
and loss analyses. Elements of this framework that require further research are identified,
and the complexity in characterizing wildfire losses and the need for an analytical-delibera-
tive process to include the perspectives of the spectrum of stakeholders are discussed.

Keywords Wildfire - Damage - Loss - Spatial probability density function - Performance-
based approach

1 Introduction
The US faces a serious threat from wildland fires. Aggravated by anthropogenic activities

and climate change (e.g., Abatzoglou and Williams 2016; Littell et al. 2009), wildland fire
is rapidly becoming one of the most significant natural hazards threatening the physical,
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Fig.1 Annual wildfire burned area in million acres (blue) and annual federal firefighting cost in billion dol-
lars (red) across the US, corrected for the CPI-U inflation rate (US Bureau of Labor Statistics 2021). The
blue and red lines show the 5-year moving average of the burned area and firefighting cost, respectively
(National Interagency Fire Center 2021)

natural, social, economic, and health systems. Extreme wildfires are now a persistent threat
in regions across the country and beyond what was once considered the fire season, exam-
ples of which are the 2016 Gatlinburg Fire in the Southeast (Park 2016) and the 2021 Mar-
shall Fire in late December (Seaman et al. 2021). At present, about 32% of Americans
live in areas designated as the wildland-urban interface (WUI), the geographical region
where structures and other human development meet or intermingle with wildland or veg-
etative fuels IWUIC 2021; Mockrin et al. 2022). Nationwide expansion of WUI has been
significant from 1990 to 2010 in terms of both the number of new houses (from 30.8 to
43.4 million—41% growth) and the land area (from 581,000 to 770,000 km>33% growth)
(Radeloff et al. 2018). A study by Iglesias et al. (Iglesias et al. 2021) indicated an 18-fold
increase in density and a tenfold growth of the exposed built-up area to wildfire hazards
between 1945 and 2015.

The expansion of WUI has historically triggered aggressive fire suppression, which
resulted in excessive fuel accumulation on the ground (Calkin et al. 2015). Fuel accumula-
tion along with climatic changes leading to long, hot, and dry fire seasons have resulted in
a rise in the frequency, extent, and intensity of wildland fires (Abatzoglou and Williams
2016; Brown et al. 2004). Also, WUI expansion has been accompanied by increased human
activity and infrastructure that are now responsible for starting 84% of all wildfires, result-
ing in a greatly expanded fire season length, total burned area, and impact (Balch et al.
2017). Figure 1 displays the overall increasing trend in the total burned area from 1980 to
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2020, which is correlated with federal firefighting costs. The firefighting cost represents
only a small fraction of the total cost of wildfires (see, e.g., (Association for Fire Ecology
et al. 2015; Headwaters Economics 2018)), an accurate assessment of which is generally
deemed to be out of reach at present. Although burned area, shown in Fig. 1, might not be
the best metric to measure the impacts of wildfire (Kolden 2020), there could be a correla-
tion between burned area and some of the negative impacts of wildfire, such as smoke on
nearby and downwind communities or the incident duration that correlates to lengthened
disruptions in recreation-dependent economies.

The consequences of wildland-urban fire disasters in WUI communities become even
more exacerbated considering the often limited social, financial, and institutional capaci-
ties of WUI communities to prepare for, respond to, cope with, and recover from disasters.
Also, socially vulnerable populations in WUI communities typically experience greater
impacts from disasters (e.g., Davies et al. 2018; Gwynne et al. 2019; McDaniel et al. 2021;
Thomas et al. 2009)).

1.1 Risk assessment framework

Managing future wildfires and their multi-dimensional impacts requires moving from
traditional reactive response and suppression to deploying proactive policies, strategies,
and interventional programs to reduce various dimensions of risk (USDA and DOI 2007,
USHF 2006; WH EO 2016). Risk reduction strategies may include mitigation programs
(e.g., fuel treatment, home hardening, land use planning), preparedness programs (e.g.,
public education, defensible space, public safety power shutoffs), and improved response
strategies (e.g., fire detection and tracking, early warning, new suppression technologies)
(Iglesias et al. 2022). Nevertheless, decision-making for risk reduction necessitates the
quantification of risk based on a holistic assessment of wildfire impacts to determine the
following: what policies and programs could be more effective, at what level and extent the
programs should be implemented, where the investment should go, what new technical and
technological solutions can be more effective, and how the adequacy of hazard mitigation
programs can be evaluated.

The limitations in existing funding and resources necessitate optimal resource allocation
and decision-making based on a comparison of different intervention scenarios and invest-
ment strategies. The decision-making process can be shepherded through a holistic analyti-
cal framework to measure the risk of wildfires, especially in the WUI communities. The
risk assessment framework should model the effects of various intervention actions and
compare investment costs versus risk reduction benefits. The estimated risk can be com-
pared with the acceptable or tolerable thresholds to determine the adequacy of the imple-
mented wildfire mitigation, preparedness, and response programs.

The concept of wildland fire risk assessment is not new (Finney 2005). Various fire risk
assessment approaches and products have been established and used in different capacities
with often different interpretations of the risk and diverse or simplified procedures for its
assessment (e.g., CA Office of the State Fire Marshal 2021; CA Public Utility Commission
2021; FEMA 2021; Jeffery et al. 2019; Scott et al. 2013)). For example, the existing net
value change (NVC) framework (Scott et al. 2013) has at times failed to integrate mul-
tiple stakeholder concerns and typically blends multiple resources and assets (e.g., habi-
tat, timber) during the evaluation process into a common, importance-weighted metric that
can mask performance variations for individual assessments (Essen et al. 2021; McEvoy
et al. 2021). Given the need, Iglesias et al. (2022) propose a risk framework to include

@ Springer



Natural Hazards

interactions between humans and the natural environment, and to identify fires with poten-
tially devastating impacts on communities. The diversity in existing approaches, and lack
of a unified analytical framework that properly captures uncertainties and the impact of
decisions across social, ecological, and technical systems is a critical shortcoming that may
prevent effective decision-making related to risk reduction investments, considering pre-
vention, mitigation, response, and recovery phases.

This paper presents the perspectives on a probabilistic risk assessment framework
(ISO 2018) for wildfires. Lessons learned from other disciplines are used as a roadmap
and extended for wildfire risk assessment. Stemming from the earthquake engineering field
and later adopted for other hazards such as hurricanes, floods, and building fires (Hamilton
2011; Lange et al. 2014), performance-based engineering involves probabilistic risk assess-
ment methodology that supports decision-making by defining a series of performance goals
(e.g., life safety versus remaining operational after an event) considering various impacts
and losses (e.g., loss of life versus business interruptions) (Deierlein et al. 2003; PEER
2021). Performance-based engineering provides a methodology to incorporate inputs from
different stakeholders (FEMA 2006). The successful adoption of the approach to a series of
hazards is evidence of its flexibility; thus, the performance-based methodology is extended
to the wildfire hazard in this paper.

Our framework characterizes the dynamic risk as a spatial probability density function
(SPDF) of loss. Loss can include different “decision variables” depending on the stake-
holder’s needs and identity, and consequently, risk can be characterized as a joint SPDF or
a set of marginal SPDFs. It is noted that the potential benefits of wildland fires as an essen-
tial component of the ecosystem are acknowledged; however, the framework here intends
to systematically measure the negative consequences of the wildfire hazard. Further details
will be delineated in the following sections. Before proceeding, it should be noted that
some of the outlined concepts and modeling components may not be currently available
and would require future research and development, as will be discussed. This, however,
will not prevent us from depicting the perspectives on a wildfire risk assessment frame-
work and highlighting the research needs required to fully operationalize it.

2 Application of a probabilistic risk assessment framework to wildfire
hazard

We build upon the mature risk assessment framework developed by the Pacific Earthquake
Engineering Research (PEER) center (PEER 2021) and propose a framework for wild-
fire probabilistic risk assessment. Presented in Fig. 2, the proposed approach provides an

J Hazard Analysis System Analysis Damage Analysis Loss Analysis
neutom @ ® @ ® ®
Stakeholder(s) Fire Scenario Model Wildland Fire Model Urban Fire Model Fragility Model Loss Model
fwop [wdp|FS;] fupp [udp|wdp, FS;] fompp(dm|dp) fovipm(dv|dm)
Domain site Hazard Wildland Fire Response —p Urban Fire Response Damage Response Loss Response 3:‘;2‘:;&%2
° P(FSy) fop (dp) where DP = {WDP, UDP} fom (dm) fov (dv) for0?

D: physical-natural- FS: uncontrolled WDP: wildland demand UDP: urban demand DM: damage measure DV: decision variable
social-economic wildfire scenario parameter parameter
domain characteristics

Fig.2 The framework for wildfire probabilistic risk assessment
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integrated holistic computational framework to propagate and integrate uncertainties from
hazard (i.e., fire scenario), system (e.g., wildland fire and urban fire), and damage analyses
to quantify risk as the SPDF of loss. Each of the four boxes in Fig. 2 is a model or set of
models that depend on uncertain inputs and parameters and solve stochastic or scenario-
based simulations. The output of each box is mathematically expressed in a probabilistic
form and propagates the uncertainties into the next box as inputs. The analysis steps are
linked together from left to right in Fig. 2 through the total probability integral, which can
be calculated numerically to arrive at the SPDF of loss. Loss is characterized by using a set
of decision variables selected in coordination with stakeholders to ensure proper commu-
nication and effective decision-making. In selecting the decision variables, physical, social,
economic, environmental, and health impacts may be considered (where impact reflects
consequences of wildfire, including damage and/or loss). The selected spatial and temporal
scales to evaluate risk are driven by the stakeholder needs and identity. It is also shown that
the effectiveness of strategies to reduce fire risk depends on the scale at which the risk is
being evaluated (Kristin et al. 2021). Here, the spatial resolution for the risk assessment
procedure is selected to capture the wildfire evolution in a WUI community (i.e., order of
meters), but the methodology can be applied to larger spatial resolutions considering the
objectives. The framework provides a systematic and modular approach for different disci-
plines to contribute to a unified and convergent methodology for wildfire risk assessment.

Equation 1 expresses the mathematical formulation of the framework presented in
Fig. 2. In this equation, FS is an uncontrolled wildfire scenario, WDP is the wildland
demand parameter (e.g., fire spread rate, fire energy release, flame height, CO, emission),
UDP is the urban demand parameter (e.g., fire spread rate in a community), DP is the com-
bined wildland and urban demand parameters, DM is the damage measure (e.g., number
of burned structures, air quality index, consequences on human health, and physical, eco-
nomic, social, and ecosystem impacts), DV is the decision variable (e.g., direct or indirect
monetary loss and/or other metrics of loss). The description of each variable is provided
in detail in the sections to follow. The variables WDP, UDP, DP, DM, and DV are mod-
eled as random variables (or random vectors), the uncertainties of which are characterized
by SPDFs denoted as f(.). The analysis results in Eq. 1 are integrated through conditional
probabilities and summed over n probable uncontrolled wildfire scenarios to arrive at the
SPDF of loss for a given WUI site. The process in Eq. 1 should be repeated for different
sites within the domain exhaustively to obtain the spatial SPDF of risk. The formulation
assumes that the variables in the analysis are conditionally independent. Relevant parame-
ters in each part of the analysis are taken as random variables (e.g., weather condition, fuel
parameters, ignitability of structures, among others), the uncertainties of which are propa-
gated into the resulting DP, DM, and DV variables. Certain parameters, such as topogra-
phy, the layout of the buildings, etc., can be taken as deterministic.

Spy(dv) = Z /fDV|DM(dV|dm)fDM|DP(dm|dl7)po|Fs(dp|FSi)'P(FSi)ddmddp D
i=1

where DP = {WDP, UDP}

Figure 3 shows the schematics of the proposed framework, where FS; in the domain
of analysis is one probable uncontrolled wildfire scenario. The system, damage, and loss
analyses are performed for all probable cases and by considering uncertainties. Given a
target threshold for DV, the range of FS for which the target DV could be exceeded can be
backtracked through DM and DV variables. Figure 3b illustrates the effect of a sample miti-
gation action (here, fuel treatment) on the demand parameter DP (e.g., fire energy release,
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Fig.3 Schematics of a the framework for wildfire probabilistic risk assessment where uncertainties associ-
ated with the system, damage, and loss analyses are included, b comparison of the effect of fuel treatment
on the demand parameter DP (e.g., fire energy release, fire spread rate). A lower DP leads to lower levels of
damage and loss

fire spread rate). Lowering the DP maps to lower damage and losses. The following sub-
sections discuss each analysis stage in detail.

2.1 Hazard analysis

The hazard analysis quantifies the likelihood of an uncontrolled wildfire scenario (FS).
This includes fire ignition and the associated weather and environmental conditions. The
analysis is location- and time-dependent; that is, the likelihood of ignition and the associ-
ated weather and environmental conditions vary with location in the defined domain and
over time (short- vs. long-term). All potential ignitions and the associated weather and
environmental conditions should be considered in the hazard analysis, depending on the
assumed models.

The source of wildfire ignition could be natural (e.g., lightning strikes), anthropogenic
(e.g., escaped campfires), or malfunctions in infrastructure systems (e.g., failure in power
transmission system). Different methodologies have been applied to model wildfire igni-
tions and study the influence of various predictors on the likelihood of wildfire ignition
(Martin et al. 2019; Prestemon et al. 2013). In general, statistical and machine learning
models show a correlation between the probability of ignition and anthropogenic factors
(such as distance to the nearest road or the nearest house) (Bar Massada et al. 2012; D’Este
et al. 2020; Mann et al. 2016). Land cover, state of the fuel, and drought are additional fac-
tors that influence the likelihood of wildfire ignition (Bar Massada et al. 2012; D’Este et al.
2020; Preisler et al. 2011; Riley et al. 2013).

A comprehensive risk assessment at a range of temporal and spatial scales and fidel-
ity levels requires appropriate weather and climate information. Historical distribution of
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hot, dry, and windy (HDW) conditions, with a selection of top percentile events (e.g.,> 90
percentile), can be collected to represent the fire weather conditions for the considered area
(Burgan et al. 1998; Srock et al. 2018; Stocks et al. 1989; USGS 2018). Variables can be
treated either separately (e.g., just wind) or jointly (e.g., joint-probability density function,
SPDF, of wind and relative humidity). The weather conditions can be treated as climato-
logically stationary to conduct the risk assessment using 30-year baselines. Alternatively,
a long-term risk assessment accounting for the effects of climate change requires climate
predictions combined with landscape change predictions (e.g., (Liu et al. 2015)). At sub-
seasonal to seasonal (S2S) scales, operational forecasting systems (e.g., Climate Forecast
System—CFSv2, European Centre for Medium-Range Weather Forecasts System5) can
provide risk assessment for an upcoming fire season. For shorter time scales, high-resolu-
tion ensemble weather prediction models (e.g., Short Range Ensemble Forecast (SREF),
Global Ensemble Forecast System (GEFS)) can be assembled to produce day-to-weeks
ahead forecasts wherein the wildfire spread in the system analysis for a given location in
the wildland can be driven by forecast weather rather than the historical distribution. For
actionable risk assessment, different temporal scales must be combined with appropriate
spatial scales. This is particularly pertinent considering that fires are becoming larger and
more frequent and in closer proximity to communities (Iglesias et al. 2022). In addition to
weather variables, to better estimate the wildland fire risk, fuel characteristics and condi-
tions can be included using Fire Potential Index (Preisler et al. 2009) and Energy Release
Component fire danger rating index (e.g., Finney et al. 2011a) as a proxy for live and dead
fuel moisture.

The output of the hazard analysis—i.e., wildfire ignitions and the associated weather
and environmental conditions that lead to uncontrolled wildfires, with their probabilities
of occurrence—is the input to the system analysis in the wildland, as discussed in the next
section.

2.2 System analysis: wildland fire model

System analysis in the wildland characterizes the rate and direction of fire spread, which
can be extended to quantify other measures, such as plume rise and smoke transport or
CO, emissions, based on the needs in the subsequent damage and loss analysis steps. Data
from historical fires can be used to obtain the statistical distribution of fire growth rates
(e.g., acres per day) and the primary direction of spread (e.g., the major axis of an approxi-
mate ellipse). For example, the considered domain can be discretized into a grid, and fires
within a specified radius of a grid point—i.e., the region of influence, can be aggregated to
produce SPDFs of growth rate and direction of spread (Calkin et al. 2011; Noonan-Wright
et al. 2011). The spatial resolution of the analysis (e.g., grid size) and the selected radius to
define the region of influence should be considered to capture the effects of relevant wild-
fire scenarios.

Performing a systematic analysis of past wildfires to obtain the distributions of rate and
direction of fire spread is an option but is subjected to two drawbacks: (1) there may not be
adequate historical data on extreme wildfire events, and (2) changes in climate, fuel char-
acteristics, human settlements, and weather patterns may lead to unique wildfire spread and
behavior that is not captured in historical data. To address the first issue, it is possible to
conduct fire simulations for every grid point in the domain using a climatological selection
of the upper percentile HDW days (obtained from the hazard analysis). To address the sec-
ond issue mentioned above, forecast weather data (obtained from hazard analysis) can be
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used when setting up the simulations to capture the potential increase in risk due to climate
change (Loehman et al. 2020; Riley and Loehman 2016; Riley et al. 2019). Also, a fuel (or
land) model may be necessary to predict the change in the fuel characteristics due to cli-
mate effects and anthropogenic activities (Hurteau et al. 2019; Littell et al. 2018).

In general, wildfire simulations in the wildland require input on weather, land, and fuel
characteristics, as well as topography. Wildfire simulations can be completed with either
coupled fire-atmosphere models (e.g., WRF-Fire (Coen et al. 2013)) or uncoupled fire
spread models (e.g., FSim Finney et al. 2011b). Regardless of the model type, the uncer-
tainties in the input parameters, including those propagated from the FS (output of haz-
ard analysis), should be incorporated. FSPro is an example of an existing probabilistic fire
simulation process, which propagates the weather uncertainties into surface fire spread and
finds the probability of a fire scenario reaching a certain location on the landscape (Finney
et al. 2011b). The current wildland fire models include inherent uncertainties and mod-
eling errors that must be quantified and propagated through the workflow (Jimenez et al.
2008; Liu et al. 2015). These are research subjects that deserve detailed investigations. For
example, inaccurate characterization of the effects of ember transport and "spotting" on
fire spread are important shortcomings in current simulation tools, requiring additional
research.

The results of wildfire simulations can be aggregated to arrive at the distribution of the
wildland demand parameter (WDP). Note that the simulations may be completed without
considering the effects of suppression to yield the upper limits of wildfire risk in case of a
scenario with no intervention. Capturing the dynamic nature of active firefighting actions
is challenging (Duff and Tolhurst 2015; Plucinski 2019), and existing tools tend to use
streamlined approaches to incorporate containment actions (Riley et al. 2018). The output
of system analysis in the wildland, WDP, is an input to the urban fire model, where the
defined domain contains a WUL.

2.3 System analysis: urban fire model

Many wildfire risk assessment procedures (Ager et al. 2019; Calkin et al. 2019; Duff and
Penman 2021; Finney et al. 2011b) use outputs of simulation modeling to quantify the
wildfire exposure to WUI communities but generalize the susceptibility of structures to fire
as a function of flame length and based on expert judgment (Helmbrecht et al. 2016; Scott
et al. 2020). The existing tools cannot be used to simulate the effect of different mitigation
or preparedness actions, such as creation of defensible space and mitigations within the
home ignition zone (Calkin et al. 2014), on reducing wildfire losses for a specific com-
munity. Thus, validated modeling techniques are needed to simulate fire spread within
urban communities considering the characteristics of the built environment. This modeling
capacity is not fully available at the moment.

Analysis of fire spread inside the built environment requires input on vegetation, struc-
tures, non-combustible areas such as roadways, and weather data to characterize the fire
behavior. In a community, combustible structures contribute to fuel during an urban fire
event. Structures burn slower than vegetation but contain more energy and may generate
considerable embers for transport. The National Institute of Standards and Technology has
formulated a procedure for data collection in WUI communities after a fire (Mell et al.
2011), but there is currently no protocol or standard for collecting, assembling, and inte-
grating data at appropriate temporal and spatial resolutions to study or simulate fire spread
in communities (Caton et al. 2017; Hakes et al. 2017). The required spatial and temporal
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resolutions to track fire spread inside a community are finer than those in the wildland; that
is, a fire line passes through a community in a few hours, whereas a wildfire can spread in
the wildland for days or weeks. Also, capturing the fire spread between houses implies a
spatial resolution on the order of meters.

There is no well-established tool or model that can simulate fire spread in urban com-
munities considering all modes of fire spread (radiation, direct flame contact, and fire
spotting) and the construction details of individual structures (e.g., number of stories,
roof types). The research community has identified the need for such tools and has been
developing validated models to capture the behavior of urban fuel during wildfire events
(Mahmoud and Chulahwat 2018; Masoudvaziri et al. 2021). Considering this modeling
capability exists, the evolution of fire spread inside the community is simulated given
the physical characteristics of the community and the WDP (output of the wildland fire
model). Uncertainties from the wildland fire model are propagated to the urban fire model
through the SPDF of the WDP. The output of the urban fire model, characterized by the
urban demand parameter (UDP), should be reported as a quantity that can be related to the
damage analysis, such as the number of burned homes or displaced population. The urban
fire model should incorporate uncertainties, such as fire spotting, building ignition criteria,
etc. when simulating fire spread in a community. The stochastic simulations result in the
SPDF of the UDP, which is an input to the damage analysis. Finally, an urban fire model is
needed not only for damage and loss assessment but also for planning evacuation routes (Li
et al. 2019) and allocation of firefighting resources.

2.4 Damage analysis

Damage analysis calculates fragility functions for pre-determined damage states as a func-
tion of the wildland and/or urban fire demand parameters (i.e., system analysis results).
A fragility function provides the probability of exceeding a damage state, given the WDP
and UDP, where the damage states are determined based on the range of damage meas-
ures (DMs) that could arise from the hazard. The input WDP and UDP are probabilistic
measures from system analysis, in the form of SPDFs and propagate uncertainties from the
hazard and system analyses to damage analysis. Fragility functions can be derived using
different approaches, namely, empirical, analytical, expert-based judgment, and hybrid
(FEMA 2018). In the empirical approach, fragility functions are extracted from the results
of past observations and recorded data following wildfire events. This approach reflects the
actual performance of the defined system but could also suffer from large uncertainties in
the observations related to the defined DM. In contrast, the analytical approaches arrive
at fragility functions by modeling techniques and considering the uncertainties in random
variables. Expert-based fragility functions can be constructed using input from special-
ists. Hybrid approaches, which combine models with expert judgment, are also among the
available options to derive fragility functions.

The DM should be representative of the performance requirements, which are stake-
holder-driven. The DMs are input to the loss estimation process and, therefore, should be
characterized, modeled, and measured based on the loss definition. They can expand across
different domains, including but not limited to physical assets (e.g., number of burned
homes and damaged infrastructure), health (e.g., smoke emission and air quality), economy
(e.g., impact on local business), ecosystem, and climate (e.g., CO, emission) (Feo et al.
2020). Findings from other related fields, such as health effects from air pollution, can be
incorporated into the proposed risk assessment framework. For example, previous research
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shows that people from certain groups (e.g., children and older adults) and with lower
socioeconomic status may be more vulnerable to the health impacts of air pollution (US
Environmental Protection Agency 2021) and building fires (Jennings 2013). Nevertheless,
further research is needed to establish a consistent method to model wildfire damage along
such multiple dimensions (Iglesias et al. 2022). The output of the damage analysis serves
as the input to the loss model.

2.5 Loss analysis

Loss analysis is the final and the most important step in the framework, which converts the
results of damage analysis into decision variables (DVs). Each DM, defined in the damage
analysis, can be mapped to a quantitative DV. The DVs can be defined as nonmonetary or
monetary measures, which can include direct, indirect, short-, and long-term losses, and
can span across different domains—i.e., physical, social, economic, health, and environ-
mental domains—depending on stakeholder input and the defined DM (Feo et al. 2020;
Porter et al. 2021). Examples of nonmonetary measures include, among others, loss in
quality of life, burned area, number of injuries and fatalities, number of affected house-
holds, and number of people experiencing health issues due to short- or long-term effects
(NASEM 2020). Examples of monetary measures include, among others, infrastructure
loss, restoration cost, business interruptions, health care cost, economic loss, and rehabili-
tation cost.

It should be noted that monetary evaluations of especially long-term social, economic,
health, and environmental losses are complex tasks (May 2007; Venn and Calkin 2011).
The complexity becomes intensified when the inherent interdependencies of these impacts
on human life and the often-high vulnerability of WUI populations are considered. There-
fore, further research is needed to develop the knowledge and methods to understand,
model, and measure the wildfire losses in a comprehensive, consistent, accurate, and fair
way.

Furthermore, the characterization of loss metrics necessitates a deliberative-analytical
process to include the perspectives of the spectrum of stakeholders (Webler et al. 2016;
Waunder et al. 2021). The damage and consequent loss analysis processes necessitate inher-
ent simplifications and assumptions, which should be guided through a deliberative process
to determine the required analytical details. The resulting models would include inherent
sources of modeling uncertainties, either recognizable and quantifiable, recognizable and
indeterminate, and/or unrecognizable (i.e., due to simplification and ignorance of the com-
plexity of the wildfire response domain). The uncertainty quantification process should be
conducted with care and informed by the deliberation to ensure a consistent crudeness in
the developed models and analytical processes. While there is a relatively mature under-
standing of the damage and loss analysis for earthquake hazards (Alesch et al. 2012; May
2007), the application of this process to wildfire hazards requires further research efforts.

3 Summary notes
The current approach toward wildfire management should change by shifting the focus
from response and suppression to designing, adjusting, and, in short, engineering the risk

in coordination with the spectrum of stakeholders. The cost of wildfires is much higher
than the direct and immediate losses considering all its various dimensions. Given the
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limited resources, the wildfire risk for a given location should be quantified, and the effects
of mitigation actions should be evaluated to understand the cost-versus-benefit from a uni-
fied perspective. The critical tasks of prioritizing resources and allocating funds for imple-
menting mitigation actions and policies can be guided by identifying the vulnerable loca-
tions and lowering the risk to acceptable levels with stakeholder feedback.

Although the outlined probabilistic risk assessment framework may provide a robust
analytical approach for wildfire risk engineering as it has in earthquake engineering
(FEMA 2018), we currently face a critical lack of knowledge toward its development and
implementation in several important areas. Overcoming the lack of knowledge necessi-
tates systematic, convergent, and coordinated research efforts. The successful execution
of research requires attention to some key hurdles summarized below to promote broader
thinking:

e The presented framework in Fig. 2 begins with a hazard and system analysis, but there
is a lack of consistent interpretation and understanding of the various damage and loss
aspects of wildfires (Feo et al. 2020). This is due to the complexity of the problem
domain and the many dimensions along which wildfire hazards can impact lives, and
the built and natural environments. In addition, siloed efforts with different agencies
and working groups focusing on different aspects of the problem hinder the develop-
ment and implementation of integrated solutions (Stavros et al. 2021). As mentioned
above, converging on a comprehensive characterization of wildfire damage, loss, and
the resulting risk requires an analytical-deliberative process. Deliberation is a pro-
cess through which researchers, analysts, and stakeholders (including all interested
and affected parties) should discuss, ponder, exchange observations and views, reflect
upon information and judgments, and attempt to converge on a mutually agreeable con-
clusion (Miller et al. 2021). The deliberation process should iteratively guide and be
guided by data and models through the analytical processes (National Research Council
1996; Petak 2002).

e The outcome of the analytical-deliberative process may guide the variety of analytical
tools and models that need to be developed for different stages of risk assessment. Nev-
ertheless, all models include inherent uncertainties. In the present context, an important
source of uncertainty is the complexity and interdependencies among different dam-
age and loss components, which need to be established to capture the overall wildfire
impacts. Characterizing the complex system may necessitate different levels of simpli-
fications and assumptions. This can result in an inconsistent crudeness in various mod-
els and modeling approaches, which can be alleviated by correctly understanding and
quantifying the underlying uncertainties in the models and data.

e [f executed correctly, the resulting risk metrics and cost—benefit analyses can be used to
guide actionable risk-reduction decisions and policies. However, policy design is never
solely based on scientific assessment, which inevitably bears uncertainties and involves
ingestion by and decision-making through a political system (Petak 2002). As such,
effective policy design can be facilitated through an early-stage inclusion and involve-
ment of the social, political, legal, and regulatory stakeholders in the deliberations to
define the various risk limits, including acceptable/tolerable risk and transferrable risk
(e.g., through insurance) (Meacham and van Straalen 2018; Meacham et al. 2021).
Quantifying the acceptable/tolerable risk requires a trade-off between vulnerability
(Cutter et al. 2003), and economic and political drivers with a goal of achieving equity
in outcomes.
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e Finally, and perceptibly, risk-reduction interventions can benefit from new technical
and technological developments (e.g., new fuel management techniques, new fire-resil-
ient construction techniques, new suppression techniques, and new digital technologies
for ignition detection, fire-spread monitoring, fire simulation, and response coordina-
tion) (Wildfire Technology Funders Group 2022). The probabilistic risk assessment
framework and its capability for cost—benefit analysis can also be used to investigate the
potential value of new technologies, which can guide the future investment in research
and technology development.
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